We propose a post-processing approach to efficiently tune the resonance frequency in doublelayered terahertz metamaterials separated by a bonding agent. By heating the bonding agent, it is possible to move one metamaterial layer laterally with respect to the other. This changes the coupling between adjacent layers, thereby shifting the resonance frequency. The resonance frequency of the stacked layers continuously shifts as a function of the lateral displacement, reaching a maximum shift of 92 GHz (31% of the center frequency). We discuss the effects of vertical separation on the tunability of the two-layered structure. The post-processing approach is rather general and can be applied to different paired metamaterials in various wavelength ranges, paving the way to efficiently assemble and fine tune metamaterial sensors and filters. V C 2014 AIP Publishing LLC. Metamaterial research has reached the stage where scientists and engineers are looking for applications of the knowledge generated over the past decades. Devices based on metamaterials need to meet certain performance specifications which are inevitably affected by fabrication tolerances. Metamaterials are often made from subwavelength elements, therefore fabrication processes for shorter wavelengths of the spectrum, including terahertz (THz) and optical frequencies, are often challenging and the precision of the produced elements is not always high. To eliminate the requirement for multiple fabrication runs in order to achieve the required performance of metamaterials, we propose a post-processing technique that allows fine tuning metamaterial properties after they are fabricated. Our proposed technique can also be used to create tunable filters and other devices, since it has proven to have a large tunability range.
Different approaches have been implemented to realize metamaterial resonance tuning, in most cases by changing the metamaterial geometry 1, 2 or the surrounding medium. 3 Examples of resonance tuning include adjusting the lattice structure manually, 1 stretching metamaterials made on an elastic substrate, 4 introducing ferromagnetic elements, 5 lumped capacitors, 6 liquid crystals, 7 or phase change materials. 8 At terahertz frequencies, metamaterials can be tuned by infiltrating them with liquid crystals 9 and also by integrating graphene 10 or semiconductor 11 layers and subsequently applying a voltage or changing the temperature of the device. Since the dimensions of THz metamaterials are generally in the range of 30-300 lm, it is natural to embrace microelectromechanical (MEMS) technologies to produce tunable devices. The benefits of using MEMS include the potential to achieve dynamic tunability and integration of multiple devices on the same chip. 12, 13 This approach utilizes the established mechanism to achieve tunability by adjusting the near-field interaction between adjacent metamaterial layers. 14, 15 Dynamical tunability provided by MEMS is not always required, but a post-processing change of metamaterial parameters can ensure that it meets the required specifications. In this letter, we present a post-processing approach based on near-field coupling between double-layered metamaterials to achieve the tuning of the resonance frequency. We fabricate two metamaterials separately, and then use a bonding agent (Epikote828) to attach them together. This glue can be melted at temperatures above 90 C, providing the flexibility of moving the metamaterial layers laterally with respect to each other. Once the desired arrangement is achieved, the relative position between the adjacent layers can be maintained by cooling the structure back to room temperature. This approach can be used to achieve different spacings or lateral displacements in a double-layered metamaterials leading to different electromagnetic response without having to fabricate multiple samples.
The building block of the metamaterial layers is an electric field-coupled LC resonator, which can be considered as a pair of connected split ring resonators, as shown in Fig. 1 . As the resonators in neighbouring cells are electrically connected, the structure exhibits substantial transmission only near its resonances. The metamaterial layers are fabricated using conventional optical lithography followed by a lift-off process. The thickness of the gold is 150 nm, and the resonators are arranged in a square lattice with the lattice constant of 135 lm. The overall structure occupies an area of 5 mm by 5 mm. After two metamaterial samples are fabricated, a small amount of solidified glue is put on top of each sample and then heated until it reaches the melting point. The two a)
Author to whom correspondence should be addressed. metamaterial layers are face-to-face bonded and aligned with each other under a microscope. The lateral displacement can be varied by re-heating the sample and moving the top layer with respect to the bottom one. The spacing between the two layers can be controlled by moving the top layer back and forth to redistribute the glue. Tunability is achieved by controlling the coupling between the two adjacent metamaterial structures: The frequency shift is controlled by moving the structures laterally, while the maximum frequency shift is controlled by the thickness of the glue. The dimensions of the resonators shown in Fig. 1(a) 
Numerical simulations are performed by using commercial electromagnetic solver CST Microwave Studio. In our simulations, we have used normally incident waves polarized across the gap of the resonator. The refractive index for Epikote828 is 1.6 (Ref. 16 ) in the simulation. It is assumed that the structures are periodic in the x-y plane, and the computational area is terminated by perfectly matching boundary layers in the z direction. The spacing between the metamaterial layers is determined by measuring the optical transmission at the edges of the fabricated samples outside the metamaterial region. The frequency spacing between Fabry-Perot transmission fringes depend on the distance between the plates. The averaged spacing for six positions measured around the metamaterial region is 10.4 lm with variations below 2.5 lm.
Transmission through the double-layered metamaterials is measured by using a Terahertz time-domain spectroscopy (THz-TDS) system from EKSPLA. The polarization of the incident field is aligned across the gaps of the resonators. The system is excited by a femtosecond pulse, and the transmission response is sampled in the time domain. A Fast Fourier Transform (FFT) is used to obtain the amplitude and phase of the transmitted wave and further signal processing in the frequency domain allows the calculation of the experimental transmission spectrum. Fabry-Perot interference fringes in the transmission spectrum are reduced by employing time-gating in the time-domain signal.
The measured resonance frequency for the single layer structure is 0.375 THz compared with the theoretical value of 0.386 THz obtained in simulations, as shown in Fig. 1(b) . This difference is due to variations of the designed dimensions after fabrication of the devices. In any case, there is a good agreement between the theoretical and experimental results. The bandwidth of the resonance is about 0.17 THz. The experimental and simulation results for the doublelayered structure with different lateral displacements are shown in Fig. 2 for a separation of 10.4 lm. The alignment is also shown for different lateral displacements. The alignment achieved by manual adjustment of alignment marks under the microscope is reasonably good, demonstrating the feasibility of the proposed post-processing approach.
As shown in the second row of Fig. 2(a) , two resonances (0.318 THz and 0.468 THz) are observed for coupled resonators in simulation when S ¼ 0 lm. The electric resonators are excited by the THz field, and the generated charges and currents are strongly coupled between adjacent resonators in two parallel layers, and this coupling generates symmetric and antisymmetric modes. 15, 17, 18 The current distributions are shown in Fig. 3 for the top and bottom layer at the two resonances. The currents (and, thus, charges) at the lower resonance x -(0.318 THz) are in phase between the top and bottom metamaterial layers and are out of phase at the higher resonance x þ (0.468 THz). We interpret the frequency splitting of these coupled modes in terms of competing electric and magnetic interaction terms, 15 and note that for this configuration of charges and currents, both interaction terms are positive. Therefore, the numerically and experimentally observed negative frequency shift indicates that the magnetic interaction is stronger. We limit our analysis to the symmetric mode, as it has the much stronger response which is more clearly observable in the experimental spectrum.
When S is varied from 0 lm to 67.5 lm, x -shifts from 0.318 THz to 0.416 THz which is a frequency shift of nearly 100 GHz (31% of the resonance). For experimental measurements of the double-layered structure shown in circle-line in Fig. 2 , it is hard to observe the antisymmetric resonance x þ for small lateral displacements. This is due to x þ having small magnitude, and insufficient frequency resolution in the experiment, which is impaired by Fabry-Perot resonances in metamaterial substrates. Figure 4 shows resonance shifts with respect to lateral displacements when spacing between two layers is 10.4 lm. There is a good agreement between simulation and experiment, and an experimental resonance shift of 92 GHz is comparable to 100 GHz in simulation.
The effect of the lateral shift is to decrease both coupling terms at different rates, thus changing the splitting between symmetric and anti-symmetric modes. The magnetic coupling term is expected to undergo the greatest shift, which can be understood by comparing Figs. 2(a) and 2(d) . By noting the symmetric current distribution in Fig. 3(a) , it is clear that the nearest current loops are now out of phase, giving a strong negative contribution to the magnetic interaction. In addition, the height of the resonant peak is also reduced, which indicates a smaller oscillator strength.
We also simulate the resonance shift for larger spacing of 110 lm shown in inset of Fig. 4 . For the large spacing, the vertical coupling between two layers is significantly reduced. In the limits of larger spacing, the resonance of stacked layers will closely resemble isolated layers of metamaterials due to the absence of strong interactions between them. 17 Hence, in this case the lateral displacement will induce negligible resonance tuning, which is clearly shown in Fig. 4 . It is noted that the double-layered structure resonates at a lower frequency than the single layer structure due to the presence of the glue layer in between.
In conclusion, we have demonstrated a post-processing approach for double-layered tunable THz metamaterials. By re-heating the adhesive layer between them, the lateral displacement between the top and bottom layer could be adjusted manually, thus changing the coupling strength. Resonance tunability of 92 GHz was achieved experimentally for a spacing of 10.4 lm. Coupling between the adjacent metamaterial layers is substantially reduced when the spacing is increased to 110 lm, and thus negligible resonance tunability was observed. This post-processing approach may find applications in building tunable THz devices without involving complex fabrication processes and can lead to a large tunability in a pair of layers. 
